Black hole low-mass X-ray binaries show a variety of variability features, which manifest themselves as narrow peak-like structures superposed on broad noise components in power density spectra. In this work we study the characteristic frequency of the band-limited noise component during the low-hard state for a sample of black hole X-ray binaries. For observations that show a noise component with a characteristic frequency above one Hz in the hard energy band (4 -8 keV) we found this very same component at a lower frequency in the soft band (1 -2 keV). This difference in characteristic frequency is an indication that while both the soft and the hard band photons contribute to the same band-limited noise component, which likely represents the modulation of the mass accretion rate, the soft photons origin actually further away from the black hole than the hard photons. Thus the soft photons are characterized by larger radii, lower frequencies and softer energies, and are probably associated with a smaller optical depth for Comptonisation up-scattering from the outer layer of the corona, or suggesting of a temperature gradient of the corona. We interpret this energy dependence within the picture of energy-dependent power density states as a hint that the contribution of the up-scattered photons originating in the outskirts of the Comptonising corona to the overall emission in the soft band is becoming significant.
INTRODUCTION
Transient low-mass black hole X-ray binaries show distinct changes of their spectral and variability properties as they evolve during an outburst, that are interpreted as evidence for changes in the accretion flow and X-ray emitting regions. This behavior can be classified by different phenomenological states through which the black hole transient (BHT) evolves during an outburst Belloni 2010) . At the beginning of a typical outburst BHTs are usually in the low hard state (LHS) where their power density spectra (PDS) are dominated by band-limited noise (BLN) on which narrow quasi-periodic features (quasi-periodic oscillations; QPOs) are superimposed. During the evolution through the LHS and into the hard intermediate state (HIMS) the amplitude as well as the centroid frequency of the QPOs increases. In the energy range covered by the RXTE/PCA detector (i. e. >2 keV) the PDS show a smooth transition from the LHS to the HIMS. This picture changes dramatically when softer energies are included, as they reveal the existence of two distinct power spectral states at Based on observations obtained with XMM-Newton, an ESA science mission with instruments and contributions directly funded by ESA Member States and NASA.
† E-mail: hstiele@shao.ac.cn soft and hard X-rays with the onset of the HIMS (Yu & Zhang 2013; Stiele & Yu 2014) . The transition to the soft intermediate state (SIMS) is marked by the appearance of another type of QPO, and an overall fractional rms in the 5 -10 per cent interval (Casella et al. 2005; Muñoz-Darias et al. 2011 ). In the high soft state (HSS) the variability is even lower and the PDS is dominated by powerlaw noise. After experiencing a substantial decrease in luminosity during the HSS the BHT returns back to the LHS again usually passing the HIMS and SIMS (Stiele et al. 2011a ).
In the LHS the X-ray emission is very noisy and the fractional rms can reach values up to 40-50 per cent. The shape of the PDS, which is dominated by BLN, can be fitted with a combination of Lorentzian components (Belloni et al. 2002) . Four main components have been identified (0.001 < ν < a few 100 Hz): a low-frequency one fitting the flat-top part, a peaked (sometimes QPO-like) component, and two broad Lorentzians at higher frequencies. These components are characterized by their characteristic frequency and by the amount of variability they contribute, where the latter one is measured as factional rms. Studying the fractional rms as a function of energy (the "rms spectrum") it was shown that it is either flat or decreases by a few per cent in the energy range covered by RXTE/PCA (Belloni et al. 2011, and references therein) . This shape has been interpreted in the framework of Comptonization models (Gierliński & Zdziarski 2005) . Using covariance spectra obtained from XMM-Newton data, it was shown that the soft thermal disc emission present below 1 keV leads the hard emission at time scales longer than one second, while it lags at shorter time scales, consistent with propagating models modified by disc heating at short time scales (Wilkinson & Uttley 2009; Cassatella et al. 2012) . In addition to the BLN component type-C QPOs (Wijnands et al. 1999; Motta et al. 2011 ) can be present. They can be observed over a relatively large range of frequencies -roughly from 0.01 to 30 Hz -and their fractional rms is of the oder of 3 -15 per cent. In recent years much work has gone into developing and exploring models to describe QPOs and noise components. An excellent summary of these models can be found in the extensive recent review of Belloni & Stella (2014, see also references therein) . BLN can be explained within the "propagating fluctuation" model (Lyubarskii 1997) , where variability is caused by variations in the mass accretion rate which propagate through the disc, so that shorter time-scale variations either from coronal flares or fluctuation in the mass accretion rate or similar processes in the inner parts of the disc are superimposed on longer time-scale variations from further out (e. g. Uttley & McHardy 2001) . BLN is also seen in neutron star low mass X-ray binaries. Likely indicators of the orbital frequency in the innermost accretion flow such as the kHz QPO Frequency in neutron star low mass X-ray binaries are found to vary with the flux corresponding to the time scale of the BLN in a manner similar to that established for variability on longer time scales which is due to modulation in the mass accretion rate, providing an independent evidence that the BLN corresponds to the modulation in the mass accretion rate which causes changes in the inner edge or characteristic frequencies in the accretion flow (Cao & Yu 2009 ).
OBSERVATIONS AND DATA ANALYSIS
In this paper, we study the variability properties of the characteristic frequency of the BLN in different energy bands during the LHS for a sample of BHTs. A comprehensive study of the variability amplitude of the same sample will be presented in an additional paper. We used observations of GX 339-4, H 1743-322, XTE J1650-500, XTE J1752-223, and Swift J1753.5-0127. Details on the individual observations are given in Table 1 . All observations were taken during the LHS. We filtered and extracted the pn event files, using standard SAS (version 13.0.0) tools, paying particular attention to extract the list of photons not randomized in time. For our study we selected the longest, continuous exposure available in each observation (see Table 1 ). We used the SAS task epatplot to investigate whether the observations are affected by pile-up, and in the case of pile-up excluded the column(s) with the highest count rate until the selection results in an observed pattern distribution that follows the theoretical prediction quite nicely. We selected single and double events (PATTERN<=4) for our study.
Timing analysis
We extracted power density spectra (PDS) in two different energy bands, namely 1 -2 and 4 -8 keV. After verifying that the noise level at frequencies above 30 Hz is consistent with the one expected for Poissonian noise (Zhang et al. 1995) , we subtracted the contribution due to Poissonian noise, normalised the PDS according to Leahy et al. (1983) and converted to square fractional rms (Belloni & Hasinger 1990) . The PDS were fitted with models composed of zero-centered Lorentzians for BLN components, and Lorentzians for QPOs. The resulting power spectra in the two energy bands thus contain only source variability and can be compared with each other.
Spectral analysis
We extracted energy spectra of all observations, using the RAWX values given in table 1 for the source spectra. To extract background spectra we used columns 3 RAWX 5. In the case of burst mode observations we used RAWY < 140 following the procedure outlined in Kirsch et al. (2006) . We payed special attention to generate ARF files of the pile-up corrected source region, following the steps laid down in the XMM-Newton Users Guide. As it is known that energy spectra obtained form XMM-Newton EPIC-pn fast-readout modes can be affected by gain shift due to Charge-transfer inefficiency (CTI), which leads to an apparent shift of the instrumental edges visible at low energies, we also generated spectra applying the SAS task epfast to the data. Apart form the observation of H 1743-322 no significant changes between the energy spectra obtained with and without epfast are noticeable at low energies, and a residual feature at ∼2 keV remains present in the data obtained with epfast. As there are no significant changes of the energy spectra at low energies and as epfast leads to an over-correction of the CTI at higher energies (see e. g. Walton et al. 2012; Stiele & Yu 2014) , we fitted the spectra obtained without epfast and limited our spectral study to the 1 -10 keV energy range. 
RESULTS
Investigating the PDS of the individual sources in the two energy bands, we find that in general the overall shape of the components is consistent between the soft (1 -2 keV) and hard (4 -8 keV) band (see Fig. 1 ). For some observations, an additional QPO or peaked noise component is present in one of the two energy bands but missing in the other one. In order to study the shapes of the PDS in a more quantitative way, we determined the characteristic frequency, defined by ν max = √ ν 2 + ∆ 2 , where ν is the centroid frequency, and ∆ is the half width at half maximum (Belloni et al. 2002) , of each component. In the case of BLN, where ν = 0, the characteristic frequency equals the break frequency. A visualization of the different components fitted to the hard band PDS of GX 339-4 and named following the nomenclature used in Belloni et al. (2002) and Belloni & Stella (2014) can be found in .5-0127 in the 0.5 -1 keV and 2 -10 keV bands. They reported qualitatively, without obtaining characteristic frequencies through fits of the PDS, that in the case of GX 339-4 the higher frequency component in the PDS appears "to be shifted to even higher frequencies in the hard band", while in the case of Swift J1753.5-0127 the "soft and hard PDS appear to overlap more closely at higher frequencies". In a study of XTE J165-500 and XTE J1550-564, based on RXTE/PCA data, Gierliński & Zdziarski (2005) showed PDS in the ∼2 -∼13 and ∼13 -∼ 25 keV bands for different states. It is interesting to notice that for their LHS PDS of XTE J1650-500 the PDS of their hard band lies below the PDS of their soft band (i. e. the power in the hard band is smaller than the power in the soft band at the same frequency), while for the energy bands used here the soft band PDS lies below the hard band PDS (see Fig. 1 ). In a study of the SMBH system Ark 564 a similar energy dependence of the characteristic frequency of the higher frequency component has been found, while the lower fre- Figure 1 . PDS of all eight observations in the soft (1 -2 keV) and hard (4 -8 keV) band. In observations where the characteristic frequency is at higher frequencies, the power in the hard band is systematically higher than the power in the soft band in the overall frequency range. quency component did not show any energy dependence between the 0.6 -2 and 2 -10 keV bands (McHardy et al. 2007 ). XTE J1753-223 that has been observed during outburst decay shows the highest break frequency and rather big error bars. A clear energy dependence of the characteristic frequency can be seen in the four observations that show break frequencies between 1 and 2 Hz in the hard band.
To rule out the possibility that the change of the characteristic frequency is mimicked by the emergence of a type-C QPO in the hard band, we added an additional Lorentzian to the fits of the hard band PDS and redetermined the characteristic frequencies. The allowed frequency range for the added Lorentzian was obtained from the relation of characteristic frequency and centroid QPO frequency presented in Fig. 11 of Belloni et al. (2002) . For each observation, we used the lowest characteristic frequency found in the soft band to select the range of allowed centroid QPO frequencies. In addition the added Lorentzian had to be narrow. We found that the changes of the characteristic frequency caused by the added Lorentzian are within the errors of the values without added component. We estimated the significance of the added Lorentzian from its normalisation. This showed that the added Lorentzian is not significant at all (0.7 -1.4 σ).
In Fig. 4 we show the difference in the characteristic frequency between the hard and soft band, determined by δν max = ν max;4−8keV − ν max;1−2keV , versus the characteristic frequency in hard band. As can be seen from Fig. 4 there is no clear correlation be- For almost all observations we find at least one data point which lies below the dashed line, i. e. that we find one component for which the characteristic frequency obtained in the soft band is lower than the one obtained in the hard band. For the remaining noise components, the characteristic frequencies in both bands are equal within errors. Different symbols indicate individual sources.
tween the change of the characteristic frequency and the characteristic frequency itself. Using the characteristic frequency in the softer band instead of the one from the hard band on the x-axis leads to a shift to lower frequencies by δν max for points with δν max > 0 and to higher frequencies for those with δν max < 0. In addition, Fig. 4 also shows the relative changes of the characteristic frequency, defined as δν/ν max;4−8keV versus the characteristic frequency in hard band. Again no clear correlation between the parameters shown can be seen.
We performed our investigation of the XMM-Newton/EPICpn energy spectra within isis V. 1.6.2 (Houck & Denicola 2000) in the 1 -10 keV energy range, taking into account a systematic error of 1%. To obtain comparable spectral parameters, we fitted all spectra with the same model consisting of an absorbed disc blackbody plus thermal Comptonisation component (nthcomp; Zdziarski et al. 1996; Życki et al. 1999) , including a high-energy cut-off. The foreground absorption is modeled with tbabs (Wilms et al. 2000) and the values of n H are taken from the literature: n H = 7.8×10 21 cm −2 for XTE J1650-500 (Miller et al. 2002) , n H = 2.3×10 21 cm −2
for Swift J1753.5-0127 (Mostafa et al. 2013) , n H = 5.0×10 21 cm −2
for GX 339-4 (Zdziarski et al. 2004) , n H = 7.2×10 21 cm −2 for XTE J1752-223 (Stiele et al. 2011b ) and n H = 1.6×10 22 cm −2 for H 1743-322 (Capitanio et al. 2009) . The temperature at the inner edge of the accretion disc is taken as temperature of the seed photons for the Comptonised component. In addition, a gaussian is added to model the residual visible in all observations at ∼2 keV. In the case of GX 339-4 a second gaussian is need to fit the Feemission line at 6.4 keV. In the case of H 1743-322 we used the data with correction of CTI effects at low energies, and fitted those with the same model that has been used for GX 339-4. For H 1743-322 the obtained fit implies a large disc normalization (∼ 5 × 10 8 ) and a very low inner edge temperature (∼ 10 −3 keV), which can be interpreted as a truncation of the disc far away from the black hole. As the observation was taken during early outburst rise this scenario can be regarded as likely (see e. g. Done et al. 2007) . A more detailed study of the spectrum showed that the disc blackbody component is not need to obtain a decent fit. Hence, we removed this component, and fixed the seed temperature for the Comptonization model at the disc temperature mentioned above. Figure 5 shows the behaviour of the photon index, inner disc temperature and normalization of the disc component depending on the difference in the characteristic frequency δν max of the component with the highest characteristic frequency. The values for H 1743-322 are omitted in this figure as no disc component was need to obtain an acceptable fit for this source. For the three observations of Swift J1753.5-0127 a slide increase in the disc normalization with increasing δν max is visible. This behaviour is not observed in the two observations of GX 339-4, which span a smaller range in δν max than the ones of Swift J1753.5-0127. Taken into account all observations again no clear correlation is evident.
Having a look at the ratio of the flux contributed by the disc blackbody component to the one coming for the Componized component in the soft (1 -2 keV) band (the values are given in the last row of Table 3 ), we find that this ratio is below ∼7% for the two observations for which the characteristic frequencies are consistent within errors (observation of H 1743-322 and 2006 observation of Swift J1753.5−0127), while it is above 20% for those observations where we found δν max;1−2keV < δν max;4−8keV . In the case of XTE J1650-500 and XTE J1752-223, the ratio exceeds one hundred per cent, which means that the flux of the disc component contributes more than 50% of the total flux in the soft band. For XTE J1752-223 this high value might be attributed to the fact that the source is observed during outburst decay, but this is not true for XTE J1650-500 which was observed during outburst rise. In Fig.6 we show the flux ratio versus the absolute and relative difference Figure 7 . Schematic picture of the accretion geometry and the observed power spectral components obtained from our recent studies of black hole X-ray binaries during low hard state (upper panel) and around transition to the (hard) intermediate state (lower panel), see also Yu & Zhang (2013) and Stiele & Yu (2014). in the characteristic frequency of the component with the highest characteristic frequency. Even ignoring the two data points with a flux ratio larger than one, there no clear correlation that a larger absolute or relative change of the characteristic frequency would be related to a larger flux ratio.
DISCUSSION
Our investigations of the characteristic frequency of the band limited noise in a hard and soft energy band revealed that for observations where the ratio of the disc blackbody flux to the flux of the Comptonized component in the soft band exceeded ∼10%, the band limited noise component with the highest characteristic frequency shows a lower characteristic frequency in the soft band compared to the one observed in the hard band. The energy dependence of the characteristic frequency is more obvious at characteristic frequencies above 1 Hz in the hard band. Wilkinson & Uttley (2009) reported that in the soft band blackbody variations at frequencies above 1 Hz are probably mostly produced by X-ray heating caused by the reprocessing of Comptonized photons in the accretion disc. The variability properties observed in our study show characteristics of variability associated with Comptonized photons down to the lowest observed energies. The energy dependence of the characteristic frequency suggests that the seed photon input for the Comptonized photons varies between different energy bands, as has been discussed in Gierliński & Zdziarski (2005) based on RXTE data. It is therefore expected that such an effect would become more obvious when the corona is cooled down and the electron temperature is getting lower. Thus the energy dependence becomes more obvious in narrower energy bands.
The presence of the energy dependence of the characteristic frequency can be interpreted within the picture where the photons in the soft and hard energy bands come from different locations in the system. A schematic sketch of this picture, which was also used in our recent studies (Yu & Zhang 2013; Stiele & Yu 2014) , is given in Fig. 7 . When the thermal disc component emerges in the soft band of XMM-Newton but does not dominate, a significant number of photons in the soft energy band will still come from the Comptonization component (originating either from an optically thin hot corona (see e. g. Esin et al. 1997) or from a jet flow (see e. g. Markoff et al. 2005) ). However, the soft band photons should origin further away from the black hole than the hard band ones and thus suffer less up-scattering. This brings lower characteristic frequencies and softer energies together. The change of the characteristic frequency can be interpreted as a hint of a temperature gradient in the Comptonization component.
The observation that the energy dependence of the characteristic frequency is mainly observed at higher frequencies (>1 Hz) can be interpreted as a moving in of the inner disc radius during outburst evolution. In early outburst stages the disc ends far away from the black hole and the characteristic frequency, which is below 1 Hz, is consistent between both bands, since the photons in both bands experience a similar number of scatterings. With ongoing evolution of the outburst the boundary region between the disc and the Comptonizing corona moves inwards and the characteristic frequency as well as the contribution of the direct disc emission in the soft band increases (Ingram & Done 2011) . Notice that the radius at which the cold disc ends may be not the radius at which the cold disc terminates (as assumed in the truncation disc model; e. g. Dubus et al. 2001; Done et al. 2007) , since a hot flow or corona would cover the innermost cold disc so the radius one determines from the cut-off frequency of the power-law noise would correspond to the radius to which the hot flow or corona extends (while the disc can reach down to the ISCO as assumed e. g. in Beloborodov 1999; Merloni & Fabian 2002; Miller et al. 2006; Reis et al. 2013) .
A challenge to our interpretation are the observations of XTE J1650−500 and XTE J1752−223. In both observations the contribution of the disc emission to the overall emission in the soft band exceeds 50 per cent, and based on the results obtained in Stiele & Yu (2014) and Yu & Zhang (2013) we would expect that the sources are in the hard intermediate state. For XTE J1752−223 this discrepancy can be explained by the fact that XTE J1752−223 is observed during outburst decay returning to the LHS, while the results of Stiele & Yu (2014) and Yu & Zhang (2013) are based on the evolution from the hard to the soft state. In the case of XTE J1650−500, it is more difficult to find an explanation as the source is observed during outburst rise when it evolves from the LHS to the HSS. A possible explanation can be that in this source the contribution of the disc emission to the soft band is in general higher than in those sources studied by Stiele & Yu (2014) and Yu & Zhang (2013) . A thorough investigation of this possibility as well as a detailed study of the differences between outburst rise and decay will be the targets of future studies.
In conclusion, the energy dependence of the break frequency of the band-limited noise component supports a picture that the power spectra in black hole X-ray binaries depend on which spectral components we are looking at. Energy-resolved timing observations can be sensitive enough to trace not only the accretion geometry by detecting power-law noise as evidence of the emergence of a disc component but can also probe the properties of the corona from studies of the band-limited noise break frequency. In this work we provide evidence that the energy dependence of the characteristic frequency may be used to probe the extension of the corona.
